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Qh! Abstract 

(— i | We consider the production of gravitinos (G) in association with gluinos 

(<?) or squarks (q) at hadron colliders, including the three main sub-processes: 
qq — > gG, qg — ► q~G, and gg — > gG. These channels become enhanced to the 
r> | point of being observable for sufficiently light gravitino masses (mg < 10 -4 eV), 

as motivated by some supersymmetric explanations of the CDF ee^/^f -\- -£/T,miss 
event. The characteristic signal of such events would be monojets, as opposed 
to dijets obtained in the more traditional supersymmetric process pp — ► gg. 
Searches for such events at the Tevatron can impose lower limits on the grav- 
itino mass. In the Appendix, we provide a complete set of Feynman rules for 
gravitino interactions used in our calculation. 
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1 Introduction 



Supersymmetric models where the gravitino (G) is the lightest supersymmetric par- 
ticle have been considered in the literature for some time [|1|, 0, |3|]. More recently they 
have enjoyed a resurgence motivated by new models of dynamical supersymmetry 
breaking [|] and by possible explanations H || of the puzzling CDF ee77 + -Er.miss 
event JtJ. Most of the recent effort has been devoted to studying the new signals 
for supersymmetry via electroweak-interaction processes, that accompany such sce- 
narios by virtue of the newly allowed \ — > 7G decay (i.e., diphoton signals from 
e + e~ — ► XX an d analogous signals in pp production of a variety of supersymmetric 
channels) |4], |5], 0, or via direct gravitino production (i.e., single photon signals from 
e + e~ — > xG |§ (J or pp — > xG,x ± G @). Much less emphasis has been placed on 
strong-interaction processes at hadron colliders J|, |T0f| . 

An important part of this phenomenological effort should be directed at obtain- 
ing direct experimental information on the gravitino mass. However, this information 
will not come from the kinematical effects of such a very light particle, but instead 
from the dynamical effect that each interaction vertex involving gravitinos is inversely 
proportional to the gravitino mass. Lower bounds on the gravitino mass from single- 
photon searches at LEP already exist, but are limited by kinematics at LEP 1 || || 
and by dynamics at LEP 2 ||. Limits on the gravitino mass based on monojet and 
multijet final states at the Tevatron require that the scalar partners of the goldstino 



(S and P) in spontaneously broken SUSY models are very light [Hi]. Limits also exist 



from astrophysical and cosmological considerations |TT|], although, as noted in Ref.|12[|, 
these limits are competitive with collider limits only if one again assumes that the 
scalar partners of the goldstino are very light. More stringent constraints have been 



obtained in Ref. 13 



The purpose of this paper is to examine another manifestation of light grav- 
itinos, in the context of hadron colliders.Q Two gravitino-mass dependent processes 
involving the strong interactions come to mind: 



PP -> 99 , (1) 
pp -> gG, qG . (2) 

The first process (pp — > gg) proceeds via the usual supersymmetric QCD diagrams, 
but receives in addition contributions from new gravitation-induced diagrams in- 



volving exchange of gravitinos in the t- and w-channels ||10|| . For sufficiently light 
gravitino masses (rriQ < 10~ 3 eV), the gravitation-induced contributions dominate the 
supersymmetric-QCD ones, otherwise the reverse is true. This process is also kine- 
matically constrained at the Tevatron to wig < 250 GeV. The second process (pp — > 
gG, qG) only receives contributions from gravitation-induced diagrams and is there- 
fore only relevant for sufficiently light gravitino masses. However, its kinematical 



^or definiteness, in what follows we will concentrate on the Tevatron (pp) collider, although the 
discussion applies with little modification to the case of the LHC (pp) collider too. 
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reach at the Tevatron is much greater (nig, rriq < 500 GeV). We find that for suffi- 
ciently light gravitinos {m^^S x 10~ 5 ) eV, the second process has a larger cross 
section even within the kinematical reach of the first process (m g < 250 GeV). 

It is also important to consider the gluino decay modes^ For sufficiently light 
gravitinos (m^,<10~ 3 eV [[TTJ) these are dominated by g — ► gG\ otherwise they pro- 
ceed in complicated ways of which g — > qq\ is an example. We then obtain a parti- 
tioning of the (ttiq, mg) space into four regions of "low/high" values of the parameters, 
roughly delimited by vtiq ~ 10~ 3 eV and rrtg ~ 250 GeV. Note that in each of these 
regions we expect a signal dominated by a different number of jets. These facts are 
summarized in the following sketch. 



high Trig 



PP -> 99 

9 -> 9QX 
4 jets 



PP -> 
2 jets 



low m 



G 



( PP-^99 

g ^ gG 

\ 2 jets 



/ pp->gG 

9 ^ gG 

V 1 jet 



(3) 



low rrig 



high ill; 



The sparse literature on this subject contains explicit expressions only for the gg 
initiated sub-processes (gg — > gg,gG) |T(J and phenomenological analyses || only 
for the left half (i.e., "low nig") of the above table. 

The above comments and processes generally apply to squarks as well, with 
gluinos replaced by squarks (g — > q) and gluons replaced by quarks (g — >• q). A 
sample squark decay for heavier gravitinos is q —>■ q\- 

In Section 2 we present the cross sections for different channels at a hadron 
collider giving a monojet signal and an outgoing gravitino. In Section 3 we present 
a discussion of our numerical results. In the appendix we provide a derivation of the 
interaction lagrangian involving gravitinos, stating clearly the conventions we use. We 
include the Feynman rules relevant to our calculation and also provide comparisons 
with others using different conventions. 

Processes involving gravitinos suffer unitarity violation at high energies due 



to the non-renormalisability of the supergravity lagrangian [[L4J] . To preserve unitarity 
till energies of the order of a few TeV typically requires > 10~ 6 eV. Hence, we 
shall take 10~ 6 eV as our lower bound on the gravitino mass in what follows. 



2 Analytical results 

In pp collision there are three parton sub-processes giving rise to a single jet along 
with a gravitino. As we mention above, the jet is initiated by either an outgoing gluino 
or squark and the undetected gravitino is associated with missing transverse energy. 
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The different parton sub-processes are qq — > gG, qg — > qG, and gg — > gG. Below 
we present the differential cross section da/dt for each sub-process. The Feynman 
diagrams for each sub-process are provided in Figs. [1], [| and respectively. The 
hadronic cross section a(S) is obtained by convoluting the sub-process cross section 
<7jj of partons i, j with parton distribution functions fi(x, Q). (Because of the relation 
between Mandelstam variables s, t and u, the partonic cross sections below may be 
expressed differently.) 

The differential cross section for the sub-process qq — > gG is given by 



da/dt 



±9l 



4 x 9 x 16ns 2 M 2 m\ /2 



4s(s - m?)(t 2 + u 



3s 2 



2t 3 (t-m?) 2u 3 (u-m 2 g 

2-i "oil ^2 12 ^ 2.^ 



j=l,2 



E 



3[t-m|.] 2 



Ast 3 



E 



1,2 3[u -m|] 2 
4sm 3 



fifp 3s [t - m| ] ^2 3s [u - m. 



2 

q'jl J 



(4) 



Above M = (87rG7v)~2, where is Newton's gravitational constant. The sums over 
j run over the two squark mass-eigenstates. Left-right squark mixing is not relevant 
for this channel (nor are they for the other two channels), as explained in Appendix C. 
The total partonic cross section is obtained by integrating the above from — (s — m|) 
to 0. We have verified that our above result agrees with the differential cross section 
obtained in the second reference in Ref.|§ for e + e~ — ► %G (modulo colour factors), 
where x represents a photino. 

The differential cross section for the sub-process qg — > q,jG is given by (j = 1, 2 
represents the two squark mass eigenstates) 



da/dt 



4<7 S 2 



6 x 8 x 167rs 2 M 2 m\i 2 



2(s-m 2 -.) 2 



si I 



3s 2 



2u- 



At 2 u(s 



3s[t — in 
Astu(s — m 



3s 2 
it 3 u 



3s[t 



3[u 



m 



212 



Au 2 s(s 



m 



+ 



+ 



3s[u — m 2 ] 

2„,2 



At l u 



3[t - m\][u - m\ 
Astu 2 



3s \u 



m 



9 1 J 



_AtSi/_s_ 
3[t-m 2 



Ast 2 u 
3s 2 



(5) 



The above cross section is new and has not been obtained elsewhere in the literature. 
The total partonic cross section is obtained by integrating the above from — (s — m 2 - ) 
to 0. When obtaining the total hadronic cross section for this channel we sum over 
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both squark masses and then multiply the result by a factor of 2 to include the 
sub-process gq — > q*G. 

The differential cross section for the sub-process gg — > g~G is given by 



da/dt 



4 x 64 x 16vrs 2 M 2 m 2 /2 



8(s — m^)stu 



4 /i (u + m 2 



3s 2 

£(£ — mj) + m(m — m~) 

4/M 3 (t + m?) t(f - m|) + u(u - m?) 

+ (m~u / s) — 



+ - 



[t-m?] 2 



+ Ht 2 /s) 



3 V [it — m~] 2 
8(s — rri~)stu 8(s — m 2 ~)t 2 u 



[u — m~] 2 



3s 2 3s[t — m|] 

5(s — ml)tu 2 8(s — m1)t 2 u 2 /s 



3s[u — m~] 3 [t — m~] [u — m|] 
8(s — m 2 ~)t 2 u 8(s — mj)tu 2 



3s [t — m~] 



3s [w — m~] 



(6) 



The total partonic cross section is obtained by integrating the above from — (s — m|) 
to 0. The above differential cross section disagrees with the result in Ref.|I| by a 
factor of y/2. However if one replaces the definition of k = (AnG^)? in Ref. ||i~0f by 
the 'standard' definition k = (8tcGn)z then our results agree. 

While obtaining the above differential cross sections one must be careful while 
summing over polarization states of the incoming gluon(s). We have used 

E ^(pi, xyfa, a) = e xy( P 2, \) = -*r + + vm en 



A=l,2 



A=l,2 



where p\ t 2 are the momenta of the incoming particles [|T^]. (For example, for qg — > 
q~G, we pick the incoming quark momentum as P2-) For gg —>■ gG one could have 
alternatively used 

E e»( Pl , \y( Pl , a) = e \y( P 2, x) = -<r (») 

A=l,2 A=l,2 



and included the contribution of ghosts as in Ref. 15 



The hadronic cross section corresponding to any parton sub-process is given 



by 



a ( s ) = E / dxidx-ifiixu Q)fj(x- 2 , Q)& itj (s, a s (fj)) 

i,3 

= E / dr / dx 1 (l/x 1 )fi(x 1 ,Q)fj(r/x 1 ,Q)a ijj 



(9) 



Above i,j run over all partons, valence and sea, that participate in the sub-process. 
x i = Pi/ P% is the ratio of the parton momentum to the hadron momentum. yJ~S, 
the centre of mass energy of the Tevatron, is 1.8 TeV. r = x\Xi, r = 2m~/S for 
the qq and gg channels and r = 2m~./S for the qg channel. For the qq and gg 
channels we set the factorisation scale Cj in the parton distribution functions /j to be 
the gluino mass, while for the qg channel we set Q to be the squark mass. We set 
the renormalisation scale \x equal to rriz and use the world average a s (mz) = 0.118 
in the modified minimal subtraction scheme. 



3 Experimental predictions 

The three parton-level cross sections given in the previous section have been integrated 
over the parton distribution functions as indicated above. We assume both squark 
masses are equal for simplicity. We start with the gg initiated process: gg — > gG, 
shown by the dashed lines in Fig. f|, as a function of m§, for a few choices of the 
gravitino mass (the cross section scales with m^ 2 ). For reference we also show the 
gluino pair-production cross section obtained in Ref.fl0|l (solid lines), which gives 
the order of magnitude of the traditional supersymmetric signals at hadron colliders. 
For low gluino masses the latter process dominates while for larger gluino masses 



the single gluino cross section dominates. Here we disagree with Ref.[10] that the 



PP ~ * 99 cross section is greater than the cross section for pp — > gG via gluon fusion 
for rriQ > 10~ 5 eV. 

The gluino-gravitino channel may also proceed from a quark-anti-quark initial 
state (qq — > gG). The hadronic cross section in this case depends on the squark mass 
in addition to the gluino mass. These are shown in Fig. || for tuq = 10 -5 eV and 
for various choices of the squark mass (solid lines), and also for the special case of 
rriq = m-g (dotted line). In this figure we also show (dashed line) the additional 
contribution to this channel discussed above (i.e., from gg — > gG). It is evident that 
the qq — > gG channel generally dominates over the gg — > gG channel for m g > 200 
GeV. This is at variance with the observation in Ref.|[L0| that gluon fusion is the 
dominant sub-process. As noted in Ref.[Hj, the pp — > gg cross section via gluon 



fusion is fairly independent of the gravitino mass for itlq > 10 eV (see Fig. f|). 
Therefore, as the pp — > gG cross section scales with m~~ 2 , we may conclude from 
Fig. |] that the latter process dominates over the former for gravitino masses as high 
as rriQ w 0.3 — 1.0 x 10~ 4 eV, depending on the gluino (and squark) mass. (Note 



that the results of Ref.[|T0l that we use for a(pp — > gg) include only the gluon fusion 
sub-process.) 

The last channel to consider is that which originates from the parton-level 
processes qg — > q~G, qg — > q*G. The corresponding cross section is shown in Figs. |] 
and 0. For squark masses greater than 500 GeV and gluino masses less than 500 
GeV the qq channel dominates over the qg channel. However for low squark masses 
the qg channel dominates. 

Putting all light-gravitino signals together, one sees that these cross sections 
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are higher than the traditional gluino pair-production one for gravitino masses as 
high as tjIq ~ 0.3 — 1.0 x 10~ 4 eV, depending on the gluino (and squark) mass. 
For tUq ~ 10~ 5 eV, these cross sections have a kinematical reach in gluino/squark 
mass about twice as deep as the traditional gluino pair-production one. This reach 
decreases quickly with increasing gravitino mass, being surpassed by the traditional 
process for tUq Pd 10~ 4 eV and higher. 

The study of Standard Model backgrounds to the above processes is beyond the 
scope of this paper, and in fact has been considered previously in the literature ]3|, 
These authors have shown that on imposing suitable cuts, a sizeable signal may be 
observable over background. They then use limits on the multijet cross section at the 
Tevatron to exclude certain regions of the (m g , tuq) parameter space. Here we simply 
comment that our signal calculations can exceed those in Ref. ||10|| , and therefore one 
could expect an even more detectable signal than previously anticipated. The task 
of determining the actual observable signal is best left to the experimentalists. We 
hope that our calculations of the total cross sections will help in deciding whether 
these signals are worth pursuing in earnest. 
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Appendix 

We find it necessary to include the exact recipe for obtaining the Feynman rules from 
the relevant terms in Supergravity Lagrangian, since there are many conventions 
available in standard references. Problems arise when one uses Feynman rules from 
different sources without properly adapting them to a single scheme. For example, 
the conventions of Ref. [[1(J, [[H]] and [|18j all differ from each other. For the future 
convenience of the reader, as well as ours, we provide a self-consistent set of Feynman 
rules and present the detailed steps involved in obtaining them, along with necessary 
comparisons with other references. Our goal is to provide a set of Feynman rules for 



interactions involving gravitinos that is consistent with Ref. [17 



A Covariant Derivatives 

We define our covariant derivative as 

V li = d ll + ig a T A AA (10) 
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with commutation relation of SU(3) generators defined as 



[T A ,T 



ABCrpC 



(11) 



which lead to the tensor field 



F± = dX - d v A A u - 9sf ABC A B u A c v . 



hi/ 



(12) 



These definitions follow those in Ref. 
ample, in Ref 



19 1 , and differ from those in other texts. For ex- 



20 



21 



the authors elect to use anti-hermitian T matrices, while Refs 
use hermitian T's which, however, are negative of what we use. These dif- 
ferent conventions result in different Feynman rules. For example, the Feynman rules 
for the quark-quark-gluon vertex are 



and |2 



- ig s T A A A , 

ig s T A A A , 

9sT A A A , 



(13) 
(14) 
(15) 



in Refs. [H3], J2T], |22|, and [p0|1 , respectively. Similarly, the Feynman rule for the 
3-gluon vertex depends on the conventions used. 



B Conventions 

Throughout the article, we use the flat space metric of 

rT = diag(+l, -1,-1,-1). (16) 
We may form a numerically invariant tensor ct m 

K) Q/3 = (/,cr l ), i = l... 3, (17) 
that transforms as a vector in 0(1,3) using Pauli matrices a 1 , 

•*-(;;)' '-(i-!)- <i8) 

These are the Clebsch-Gordan coefficients which relate the (|,|) of SL{2,C) to the 
vector of 0(1, 3). Here dotted indices transform under the (0,|) of the Lorentz group, 
while those with undotted indices transform under the (^,0) conjugate representation. 
Spinors with upper and lower indices are related through the e-tensor: 

^ = £ "%, ip a = e a ^, (19) 
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where the antisymmetric tensor e's are normalized as 



£«e = (J J)^*". < 21 ) 

which holds true for e-tensors with dotted indices. The advantage of this scheme is 
that the mixed tensors are symmetric: 

e a pe^ = 51 (22) 

These tensors are used to raise and lower the indices of the a-matrices: 

(c^) dQ = e^e al3 {a^)^ . (23) 

It is then straighforward to relate two-component spinors to four-component spinors 
through the realization of the Dirac 7-matrices: 

(24) 

where 

(a»)"P = (25) 
The generators of the Lorentz group in the spinor reprsentation are given by 

(OS = (26) 

(an$ = J(^V r ^Vy. (27) 
With this choice of 7-matrices, Dirac spinors contain two Weyl spinors, 

*d=(%), (28) 



while Majorana spinors contain only one: 



We define 7 5 as 



7 5 = ivy tV = ( ~ j °j ) ■ (30) 



Projection operators are defined accordingly: 



Pl = i(l-7 5 ), (31) 



2 

Pr = + (32) 
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C Lagrangian and Feynman Rules 

We start with the general supergravity lagrangian given in Chapter XXV of Ref. 
and adapt it to the conventions listed in Appendix B. (Note that Ref. jTJj) uses the 
flat space metric diag(-l, 1,1,1), amongst other differences.) Below we explicitly write 
down the terms of the lagrangian relevant to our calculation. 

C = -g ijm V (t A i V' l A* j 

-1(AV^A A + AV^ M A A ) 

+y/2g s g ij *(X*i A X i \ A + X iA x j \ A ) 
-^^9iAT>uA* j x i ^ u ^ + T> V A*^(7%] 

[%o*o»\ A + $ lt o*ir\ A \F£, (33) 



2M 



where is the Kahler metric. A l 's are scalar superpartners of chiral fermion x"s, 
F A are the usual field strength tensors of the gauge fields v A whose superpartners are 
gauginos A A , and tp^ is the gravitino field. Covariant derivative V^s are: 

VpA* = - g s v A X iA , 



t dX iA 
~~dA? 

V,\ A = dX-9sf ABC v*\ C , (34) 



Ax 1 = drf ~ 9sV A ^—x\ 



where the Killing vectors X lA are defined in terms of the Killing potential D A . For 
the minimal Kahler potential K = A 1 * A 1 , the Killing vectors and the Killing potential 
take the form of 

X iA = _ { ii*J_ D A^_ iT A A i 

dA>* 3 

X i*A = i ij*J_ D A = iA j* T A 



19 dA* 
lA _ \i*rpA 



J' ' 



D = A J *T A A l . (35) 



Four-spinors are constructed using two-spinors as 



? (D) =(^)> V iD) = (xlXi*), (36) 
A (M) =(~f/), A (M) = HA«,zA Q ), (37) 



9 




where superscript (D) is for Dirac spinors, and (M) for Majorana spinors. The extra 
z's in gauginos are introduced following Ref. [|17j]. After adding appropriate mass 
terms to (|33"D, we obtain the lagrangian in four-spinor notation: 



£ = C + A + A + A + A + A + A + A + A, (39) 
where A includes kinetic terms: 

A = <f (^ - m 9 )<f - A*(D + )A* + \(\ A (i$ - m x )\ A ), (40) 

and others include 3-, and 4-particle interaction terms: 

A = -9sT A q l f\° (41) 

A = -g s v A T A {p + qYA^A» (42) 



A = -T^r^A^A^ (43) 

A = -V2g s T A (A j L *\ A P L q l - A 3 f\ A ¥ K q l + h.c.) (44) 

A = -^(^r^VPL^ + ^^VPR^ + ^.c.) (45) 

£e = " W (j4 ^" 7YPl9 ' + ia7YPR9i + ^ C ' ] (46) 



C 
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' Ml a ,l P \l^ A Kb, (47) 



8M 



n.4 
'a/35 



from which our Feynman rules will be derived. Note that an extra factor of 2 is 
necessary in the Feynman rules to account for the Majorana nature of gauginos and 
gravitinos. Mixing between left- and right-squarks is proportional to the mass of their 
quark counterpart. In our calculation of cross sections at the Fermilab p-p collider, 
the effect of mixing is practically nonexistent. Therefore we replace A^ and Ar with 
the mass eigenstates A\ and A^. Relative signs between terms within (|45|), (|46| ) and 



(|47|) are related to the definition of the fermions in (p7D and (gg), and to the fact 
that Ars transform as anti-triplets of SU(3) C , i.e., their generators are -T A * instead 
of T A (see pages 208 and 223 of Ref. |~7|). Terms (^5| , ^6| , ^7|) include interactions 
with gravitinos. If the gravitino is very light, which is the scenario we are pursuing, 
spin-3/2 components of the gravitino decouple from the spin-1/2 components, and it 
interacts with matter as a massless goldstino with derivative couplings. Thus we may 
use an effective lagrangian with a massless goldstino ip by making the substitution, 

^v-Hh—d^- (48) 
V 3 m 3/2 
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After simple rearrangements, terms (|4TS| , |4*6 



J47| ) become 



2i 



-(pi • p G A\*i/j G PLq i + P2 ■ PgA^gP^ + h.c) 



y/3Mm 3/2 

2ig s v A ■ PoTfr^foprf + a^gP^ + h.c. 



VSMm 



3/2 



{MM A ]i>Gi"\ A ) 



2VQMm 3/2 



9s f 



ABC 



{Mf,f]t>Gl b \ A ) (49) 



4v / 6Mm 3 / 2 



where subscripts 1, 2, G, and g of the momenta are for squarkx, squark 2 , gravitino, 
and gluino, respectively. Resulting Feynman rules are listed in Fig. [8]. For the sake of 
completeness, we include the effects of left-right squark mixing in the Feynman rules, 
where 8 = implies no mixing. 
In Section 4.5 of Ref. 



IS 



the author uses the on-shell condition of external 
particles to replace derivatives in the lagrangian by masses of external particles. This 
replacement is valid for internal particles as well as off-shell contributions cancel, 
which is characteristic of the effective lagrangian. In Table 1 we provide the Feynman 
rules for gravitino couplings obtained by applying this prescription. Our rules appear 



different from those in Ref. [0 because of the different conventions that we use (note 
the differences in the definitions of 7 M and 7 5 , and gluinos). Note that the 4-point 
interaction quark-squark-gluon-gravitino was overlooked in Ref. (18 
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Vertex 


Feynman Rule 


quark — squarki — gravitino (a) 


-(mi -mi) , „_ . 

4UM m3 ; 2 ( co ^ PL+sm ^ 


quark — squark 2 — gravitino (b) 


— (m 2 . — m?) , . 


quark — squarki — gluon — gravitino (e) 


^3 /2 ^(coseP L + sin^P R ) 


quark — squark 2 — gluon — gravitino (f) 


VU? m3/2 ^PG(™seP R sin£P L ) 


gluon — gluino — gravitino (g) 




gluon — gluon — gluino — gravitino (h) 


^M m3/2 9sf ABC b P Ml" 


quark — squark x — gravitino (a') 


£|^(cos0P R + sin0P L ) 


quark — squark 2 — gravitino (b') 


^|(cos^P L -sin^P R ) 


quark — squarki — gluon — gravitino (e') 




quark — squark 2 — gluon — gravitino (f) 


7 it 3 y 2 T fiPo^s9P L sin£P R ) 


gluon — gluino — gravitino (g') 




gluon — gluon — gluino — gravitino (h') 


im x f ABC 51 1 



using our con- 



Table 1: Alternate Feynman rules for gravitino couplings of Ref. pg| 
ventions. The index in parentheses refers to the diagram in Fig. ^| The rules for 
(e),(f), (e') and (f), which were not included in Ref. NTH], are unchanged from Fig. R 
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I 
I 

q> P1-P3 T 



1 
1 




Figure 1: Feynman diagrams for sub-process qq — > gG. p\ and P2 are incoming 
momenta and p% and P4 are outgoing momenta. Arrows on scalars indicate direction 
of momentum and flow of particle flavor. 
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Figure 2: Feynman diagrams for sub-process qg — > qG. p\ and P2 are incoming 
momenta and P3 and are outgoing momenta. Arrows on scalars indicate direction 
of momentum and flow of particle flavor. 
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Figure 3: Feynman diagrams for sub-process gg — > gG. p\ and P2 are incoming 
momenta and P3 and p^ are outgoing momenta. Arrows on scalars indicate direction 
of momentum and flow of particle flavor. 
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Figure 4: Hadronic cross sections at the Tevatron that arise from the parton-level 
processes gg — > gg (solid lines) and gg gG (dashed lines), as a function of rrig for 
the indicated choices of the gravitino mass. 



18 



mQ=lxlO J eV 

10^ f — 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 — 




200 400 600 800 1000 



Figure 5: Hadronic cross sections at the Tevatron that arise from the parton-level 
process qq — > gG (solid lines), as a function of m~ g for the indicated values of the 
squark mass and of the gravitino mass (cross section scales as m^ 2 ). Also shown for 
comparison are the corresponding cross sections via the gg — > gG (dashed line) and 
99 99 (dot-dashed line) subprocesses. 
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itiq=1x10 J eV 

10^ F 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 — 




200 400 600 800 1000 



mp: [GeV] 



Figure 6: Hadronic cross sections at the Tevatron that arise from the parton-level 
processes qg, qg — > q~G, q*G, as a function of rriq for the indicated values of the gluino 
mass and of the gravitino mass (cross section scales as m^ 2 ). 
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1000 p- 
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10 r 

1 ^ 
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0.01 r 
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1 
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500GeV 



1000GeV 



400 600 800 
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1000 



Figure 7: Hadronic cross sections at the Tevatron that arise from the parton-level 
processes qg,qg — > qG, q*G, as a function of rrig for the indicated values of the squark 
mass and of the gravitino mass (cross section scales as m^ 2 ). 
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T A l5 pi T A 2 ,p 2 

I I 

I I 

I I 

2/(3 1/2 M m 3/2 ) Pl .p G (cos6 P L +sine P R ) 2/(3 1/2 M m 3/2 ) p 2 .p G (cos6 P R -sin6 P L ) 

(a) (b) 





Y A 2 

I 
I 
I 

i 2 1/2 g s T^(sine P L +cos6 P R ) 
(d) 




-2 g s /(3 1/2 M m 3/2 )T^p G (cos6 P L +sin6 P R ) -2 g s /(3 1/2 M m 3/2 )T^p G (cos6 P R -sin6 P L ) 

(e) (f) 




1/(2 6 1/2 M m 3/2 ) p« p G [y a ,y ]y p y 5 i/(2 6 1/2 M m 3/2 ) g s f ABC p G [y p ,y a ] y p y 5 

(g) (h) 
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A A\,pi A A 2 ,p 2 

I I 

I I 

-2/(3 1/2 M m 3/2 ) Pl .p G (cos6 P R +sin6 P L ) -2/(3 1/2 M m 3/2 ) p 2 .p G (cosO P L -sin6 P R ) 

(a') (b 7 ) 





I 

a A 2 

I 
I 

i 2 1/2 g s T^(sine P R +cos6 P L ) 
(d') 




2 g s /(3 1/2 M m 3/2 )T^p£ (cos6 P R +sin6 P L ) 2 g s /(3 1/2 M m 3/2 )T£p£ (cos6 P L -sin6 P R ) 

(e') (f) 




1/(2 6 1/2 M m 3/2 ) p« pPfyp [y ,y a ] -i/(2 6 1/2 M m 3/2 ) g s f ABC p G ^YpEYcYp] 

(g') (h') 
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A 

- gs f ABC / 

(k) 



all p's inward 



C 

v^Ps 



I? A 

K v «>Pi 
^° 

g s f ABC [g ap (PrP 2 ) 11 +g p \p 2 -p3) (X + g lia (P3-Pi) P ] 
(1) 



Figure 8: Feynman rules relevant to the processes discussed in the text. Arrows on 
scalars indicate direction of momentum, where relevant, and flow of particle flavor. 
Arrows on Majorana fermions also indicate direction of momentum, where relevant. 
Rules for primed diagrams are for hermitian conjugates. Alternate rules for (a), (b), 
(e), (f), (g) and (h) using the gravitino couplings of Ref. []TBj] are provided in Table 1. 
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